Abstract. Previous studies have demonstrated that ephrin (Eph) family receptor tyrosine kinases and ligands promote cancer growth, invasion and metastasis. In addition, it has been reported that Eph receptor A7 (EphA7) is transcriptionally activated in lung cancer; however, the effects of silencing EphA7 expression on the growth of lung cancer cells, and the underlying molecular mechanisms, have yet to be determined. Therefore, the present study aimed to investigate whether silencing EphA7 with small interfering (si)RNA could induce apoptosis in non-small cell lung cancer (NSCLC) cells. Furthermore, the effects of siEphA7 on cell migration and invasion were evaluated using Transwell assays. The mechanisms underlying the effects of siEphA7 on the tumorigenic properties of A549 cells were also examined. The results of the present study demonstrated that transfection with siEphA7 inhibited the proliferation, migration and invasion of A549 cells. In addition, siEphA7 significantly increased the protein expression levels of B-cell lymphoma 2 (Bcl-2)-associated X protein and caspase-3, and decreased the protein expression levels of Bcl-2, thus suggesting that siEphA7 was able to induce apoptosis via the intrinsic apoptotic pathway. In addition, the expression levels of phosphatase and tensin homolog (PTEN) were significantly upregulated, and the expression levels of total AKT were not altered, whereas the levels of phosphorylated-AKT were reduced. These findings indicated that EphA7 may have an important role in the pathogenesis of NSCLC by regulating PTEN expression via the PTEN/AKT pathway. Silencing EphA7 may provide a novel approach for the treatment of NSCLC.
Introduction
Lung cancer is one of the most common types of occupational cancer, and is the leading cause of cancer-associated mortality worldwide (1) . According to its histological characteristics, lung cancer is defined as either non-small cell lung cancer (NSCLC) or small cell lung cancer. Approximately 80% of lung cancer cases are considered to be NSCLC, which comprises adenocarcinoma, squamous cell carcinoma and large cell carcinoma. It is well known that air pollution and tobacco smoke, as well as numerous other factors, increase the incidence of lung cancer; however, the mechanisms underlying lung cancer formation remain largely unknown (2) . Furthermore, in the majority of clinical cases, lung cancer is metastatic, which is typically incurable. Metastasis is one of the most lethal characteristics of cancer, and is responsible for ~90% of human cancer-associated mortality (3) . The metastasis of lung cancer is a complex process, which includes cellular migration, local invasion and dissemination. Blocking one of the steps of metastasis may effectively prevent secondary tumors from spreading in the body (4, 5) .
Receptor tyrosine kinases (RTKs), which are well known as the major regulators of cellular growth, are associated with the regulation of cell proliferation, differentiation and migration (6) . The ephrin (Eph) receptors represent the largest family of RTKs and interact with ligands known as ephrins. Previous pre-clinical and laboratory studies have demonstrated that the function of RTKs is associated with tumor growth, metastasis and neovascularization (7, 8) . Based on sequence homology, structure and binding affinity, Eph receptors are subdivided into two types: A and B (9) . Class A receptors are tethered to glycosylphosphatidylinositol-linked class A ephrins, whereas class B receptors are tethered to ephrin-B ligands, which comprise a transmembrane domain and a short cytoplasmic tail. Overall, 14 receptors (nine class A and five class B) and eight ligands (five class A and three class B) have been detected in the human genome. Previous studies have demonstrated that Eph receptor and ephrin genes are differentially expressed in human tumors, including neuroblastoma, prostate cancer and breast cancer (10) (11) (12) .
Eph receptor A7 (EphA7), which was formerly known as Mdk1/Ebk/Ehk, is highly conserved in vertebrates from fish to humans (13). Hafner et al (14) reported that EphA7
Knockdown of ephrin receptor A7 suppresses the proliferation and metastasis of A549 human lung cancer cells is highly expressed in kidney vasculature. In addition, the mRNA expression levels of EphA7 are markedly upregulated in hepatocellular carcinoma, as compared with in healthy liver tissue, and EphA7 is transcriptionally activated in lung cancer (15) . Furthermore, overexpression of EphA7 is frequently detected in younger patients, and in patients with advanced gastric carcinoma (16) . However, little is currently known regarding the role of EphA7 in the development of NSCLC. The present study silenced EphA7 expression using EphA7-specific small interfering (si)RNA, and examined the effects on cell viability and apoptosis. In addition, alterations in cell migration and invasion were detected. The results of the present study provided evidence suggesting that siEphA7 exerted anticancer activity in A549 human NSCLC cells via proapoptotic mechanisms.
Materials and methods
Cell culture and siRNA transfection. The A549 human NSCLC cell line was purchased from the Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai, China). The cells were cultured at 37˚C in Dulbecco's modified Eagle's medium (DMEM; Shanghai Huiying Biotechnology Co., Ltd., Shanghai, China) supplemented with 10% fetal bovine serum (FBS; Shanghai Huiying Biotechnology Co., Ltd.), 100 U/ml penicillin and 100 µg/ml streptomycin (Shanghai Huiying Biotechnology Co., Ltd.). Subsequently, 70-80% of the cells were transferred to 96-well plates and cultured in fresh medium without antibiotics. X-treme™ GENE siRNA Transfection Reagent (Roche Diagnostics, Basel, Switzerland) was used to transfect the cells with siEphA7 (Shanghai GenePharma Co., Ltd., Shanghai, China; sequence, 5'-GUG GGA AGU UAU GUC UUA UTT AUA AGA CAU AAC UUC CCA CTT-3') or negative control siRNA (Shanghai GenePharma Co., Ltd.; sequence, 5'-UUC UCC GAA CGU GUC ACG UTT ACG UGA CAC GUC CGG AGA ATT-3'). The transfection concentration determined for use by transfection efficiency testing was 50 nM siEphA7, transfection was conducted for 24 h at 37˚C. A549 cells were used as the untransfected control group.
C e l l v i a b i l i t y a s s a y .
T h e c o l o r i m e t r i c 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Beyotime Institute of Biotechnology, Haimen, China) was used to assess the viability of cells cultured in 96-well plates by measuring mitochondrial dehydrogenase activity. The MTT assay is based on the notion that viable cells, but not dead cells, can reduce MTT. Following siRNA transfection, the cells were incubated with 10 µl MTT (0.5 mg/ml) at 37˚C for 4 h. The purple formazan crystals were then dissolved using 100µl dimethyl sulfoxide. The absorbance was subsequently measured at 490 nm using an 340 AT Easy Microplate Reader (SLT Lab Instruments GmbH, Salzburg, Austria).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Cellular mRNA expression levels of EphA7 were determined using RT-qPCR. Total RNA (1 µg) was extracted from each sample of cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and was used to generate cDNA using M-MLV Reverse Transcriptase (Promega Corporation, Madison, WI, USA). The cycling conditions were as follows: Initial denaturation at 25˚C for 10 min; 37˚C for 120 min; 85˚C for 5min; the temperature was dropped to 4˚C and the product was reached at 20˚C. qPCR was conducted using SYBR Green PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), and the PCR cycling conditions were as follows: Initial denaturation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec, 60˚C for 30 sec and 72˚C for 30 sec, followed by a final extension step at 72˚C for 10 min. The PCR primers used were as follows: Sense, 5'-CTA ATG TTG GAT TGT TGG CAA AAG-3' and antisense, 5'-TTG ATC CAG AAG AGG GCT TATTG-3' for EphA7 and sense, 5'-AAG AAG GTG GTG AAG CAGGC-3' and antisense, 5'-TCC ACC ACC CAG TTG CTGTA-3' for GAPDH. A 7500 Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used for cDNA amplification, with routine product checking using dissociation curve software (QuantStudio™ Real-Time PCR software, version 2.0.6; Applied Biosystems; Thermo Fisher Scientific, Inc.). Transcript quantities were compared using a relative quantification method. The amount of detected mRNAs was normalized to the amount of the endogenous control GAPDH.
The relative value to the control sample was determined using the 2 -ΔΔCq method (17) .
Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) staining assay.
The cells were fixed in 4% paraformaldehyde (Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China) and pretreated with ethanol, proteinase K (Tiangen Biotech Co., Ltd., Beijing, China), Triton X-100 (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China), and pepsin (Shanghai Haoran Bio Technologies Co., Ltd., Shanghai, China). Following washing in PBS three times, the samples were treated with the TUNEL reaction mixture and TUNEL Dilution buffer (In Situ Cell Death Detection kit; Roche Diagnostics, Basel, Switzerland) at a ratio of 1:9, and incubated in a humidified chamber for 1 h at 37˚C. After washing in phosphate-buffered saline (PBS), anti-digoxigenin peroxidase conjugate (Roche Diagnostics) was added, and incubation continued in a humidified chamber for 30 min at room temperature. The samples were washed with PBS and the nuclei were stained with DAPI (Roche Molecular Diagnostics, Pleasanton, CA, USA) for 5 min at room temperature. The number of total cells and TUNEL-positive cells were automatically counted using Image-Pro Plus (Media Cybernetics, Inc., Rockville, MD, USA), in order to calculate the apoptotic rate, which was defined as the ratio of apoptotic cells to total cells. Following a 24 h incubation at 37˚C, the filter was gently removed, and the upper surface was wiped to remove the attached cells. The cells that had invaded through the Matrigel and attached to the lower surface of the filter were fixed with 4% paraformaldehyde and stained with Giemsa (GefanBio Co. Ltd., Shanghai, China). Three replicates were conducted for each condition. A total of 15 random fields in each replicate were selected and the number of cells was counted using an Olympus CKX41 inverted microscope (Olympus Corporation, Tokyo, Japan). The results are presented as the ratio of invasive cells relative to the invasive cells in the control conditions (cells seeded in serum-free media, which invaded towards DMEM containing 10% FBS). Cells that had invaded to the lower sides of the Transwell were fixed with 4% (w/v) paraformaldehyde and stained using 0.05% crystal violet (Amresco, LLC, Solon, OH, USA) for cell counting as described above. Cells on the upper side of the membrane were scraped off and cells that had migrated to the lower side of the membrane were fixed in 4% paraformaldehyde, stained with 0.1% crystal violet for 30 min at room temperature, and washed 3 times with PBS.
Western blot analysis. ; LI-COR Biosciences, Lincoln, NE, USA) for 1 h at room temperature. The bands were visualized using an imaging system (LI-COR Biosciences), and semi-quantified using Odyssey v1.2 software (LI-COR Biosciences) by measuring intensity (area x optical density). GAPDH was used as an internal control. The results were expressed as fold changes by normalizing the data to the control values.
Statistical analysis. All data are expressed as the mean ± standard error of mean. Statistical analyses, including an unpaired two-tailed Student's t-test and one-way analysis of variance followed by the Bonferroni's multiple comparison post hoc test were carried out using GraphPad Prism v6.0 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Silencing EphA7 with siEphA7 suppresses the viability of A549 cells.
To confirm the silencing effect of siEphA7 on EphA7 expression, the EphA7 mRNA expression levels were detected using RT-qPCR. As shown in Fig. 1A , as compared with the control group, there were no significant alterations in the non-specific siRNA-transfected control group, however the EphA7 mRNA expression levels were significantly decreased following transfection with siEphA7 for 24 h. Furthermore, western blotting demonstrated that siEphA7 also downregulated the protein expression levels of EphA7 (Fig. 1B) . These results indicate that EphA7 expression was significantly silenced post-transfection with siEphA7.
An MTT viability assay was conducted to determine the effects of siEphA7 on cell viability. As shown in Fig. 2A , transfection with siEphA7 for 24 h resulted in a ~50% reduction 
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in proliferation rate, as compared with the control group. Furthermore, the results of the MTT assay were confirmed by TUNEL assay. Transfection with siEphA7 markedly induced apoptosis in A549 cells (Fig. 2B) . These results suggest that siEphA7 alters the migration and invasion of A549 cells. An important factor in tumor metastasis and progression is the ability of tumor cells to invade beyond the limitations of the primary tumor environment. Therefore, a Transwell assay was conducted, in order to investigate the ability of cells to invade through a biological matrix. As shown in Fig. 3A and B, transfection with siEphA7 markedly inhibited the ability of A549 cells to invade through the Matrigel-coated filter; the rate of invasion of A549 cells was decreased by >50%, as compared with the control group. To explore whether the decreased invasiveness mediated by siEphA7 was associated with cell motility, the effects of siEphA7 on cell migration were detected. As shown in Fig. 3A and C, the migratory capabilities of the A549 cells transfected with siEphA7 were reduced by ~62.9%, as compared with the control group. These results indicate that knockdown of EphA7 significantly inhibits cell invasion and migration in vitro.
Ef fects of siEph A7 on the expression levels of apoptosis-associated proteins. Alterations in the expression levels of apoptosis-inducing signaling molecules were evaluated in A549 cells post-transfection with siEphA7 for 24 h. The Bcl-2 family proteins, which include pro-apoptotic Bax and anti-apoptotic Bcl-2, are known regulators of apoptotic pathways (18) . Therefore, in the present study, Bcl-2 and Bax protein expression levels were detected, in order to investigate whether these proteins were associated with siEphA7-induced apoptosis. As compared with the control group, transfection with siEphA7 upregulated Bax protein expression levels (Fig. 4A) , and significantly inhibited Bcl-2 protein expression levels (Fig. 4B) . The inhibition rate was ~50%. These results indicate that siEphA7 induced apoptosis via regulation of the Bcl-2 family protein-mediated mitochondrial pathway.
Since caspase-3 is well established as a major caspase, and its activation ultimately leads to cell death (19) , it is often used to detect apoptosis. The present study evaluated whether siEphA7-induced apoptosis was associated with alterations in caspase-3 protein expression. Caspase-3 protein expression levels were significantly upregulated (~1.5-fold) in A549 cells post-transfection with siEphA7 (Fig. 4C) . These results indicate that siEphA7 induced apoptosis via upregulation of caspase-3 protein expression.
Silencing EphA7 regulates the PTEN/AKT signaling pathway in A549 cells. PTEN, which is an important tumor suppressor that is mutated in various malignancies, is a central negative regulatory factor of the AKT pathway (20) . In order to investigate the effects of EphA7 knockdown on the activity of the PTEN/AKT signaling pathway in A549 cells, the protein expression levels of PTEN, AKT and P-AKT were measured using western blotting. The protein expression levels of PTEN were significantly higher in A549 cells transfected with siEphA7, as compared with the control group (Fig. 5A) . In addition, the protein expression levels of total AKT were unchanged between the groups, whereas the expression levels of P-AKT were reduced (Fig. 5B and C) . These results suggest that the inhibition of EphA7 may inhibit the AKT signaling pathway via upregulation of PTEN in A549 cells.
Discussion
The present study, to the best of our knowledge, is the first to demonstrate that silencing EphA7 with siEphA7 inhibits the viability, invasion and migration of A549 cells. In addition, the expression levels of the apoptosis-inducing signaling molecules Bax and caspase-3 were increased, whereas the expression levels of Bcl-2 were decreased. Furthermore, the AKT signaling pathway was inhibited via upregulation of PTEN in A549 cells. These findings indicated that the proliferation and metastasis of NSCLC cells may be altered at the molecular level. The results of the present study help improve our understanding regarding the proapoptotic mechanisms underlying the anticancer effects of siEphA7, thus suggesting that knockdown of EphA7 has potential therapeutic value.
Previous studies have demonstrated that the regulation of Eph receptors and ephrin ligands is associated with tumor growth, metastasis and adverse outcomes (21) (22) (23) . It has been reported that EphA7 is highly expressed in kidney vasculature (14) , and the expression of EphA7 is transcriptionally activated in lung cancer (15) . However, few studies have clarified the role of EphA7 in tumor pathogenicity. Therefore, in the present study, EphA7 expression was silenced using siEphA7, and the effects on cell viability and apoptosis were detected. Results of the MTT and TUNEL assays demonstrated that knockdown of EphA7 with siEphA7 significantly decreased cell viability and promoted apoptosis. Therefore, the present study aimed to further investigate the underlying molecular mechanisms associated with siEphA7-induced cell apoptosis.
Bcl-2 is an antiapoptotic protein, whereas Bax is a proapoptotic protein, both of which belong to the Bcl-2 family, a group of proteins that regulate the permeability of the outer mitochondrial membrane (24) . In addition, downregulation of Bcl-2 or upregulation of Bax may induce cell apoptosis and subsequently activate caspase-3 (25) . Therefore, the present study examined the expression levels of apoptosis-associated proteins, including Bcl-2, Bax and caspase-3 in A549 NSCLC cells. Transfection with siEphA7 significantly downregulated the protein expression levels of Bcl-2 and upregulated the protein expression levels of Bax, which led to the activation of cell apoptosis. Furthermore, caspase-3 protein expression levels were increased. These results indicated that knockdown of EphA7 induced A549 cell apoptosis predominantly via the Bcl-2/Bax-dependent mitochondrial pathway. In addition, caspase-3 was also involved in the cell apoptosis.
In the present study, PTEN, AKT and P-AKT protein expression levels were detected by western blotting, in order to investigate whether silencing EphA7 led to inhibition of the activity of the PTEN/AKT signaling pathway. The results demonstrated that the expression levels of PTEN were markedly increased. In addition, a low phosphorylation level of AKT was observed. These results indicated that silencing EphA7 may downregulate the PTEN/AKT signaling pathway in NSCLC cells. Furthermore, it was hypothesized that the anticancer effects of EphA7 knockdown may not only by due to cell apoptosis, but also be due to effects on tumor invasion and metastasis. Transwell assays were performed in A549 NSCLC cells, and the results indicated that siEphA7 was able to regulate cell invasion and migration as a tumor suppressor. These results provide initial insights into the function of siEphA7 in regulating cell migration and invasion of NSCLC cells.
In conclusion, the results of the present study suggested that silencing EphA7 may exert potential tumor suppressive effects by targeting PTEN/AKT. In addition, siEphA7 had a crucial role in regulating the migration and invasion of NSCLC cells. The precise molecular mechanisms require further study; however, silencing EphA7 expression provides a novel insight into potential therapeutic strategies for the treatment of patients with lung cancer.
